The effect of electroless nickel coating on the interfacial shear strengths of silicon carbide continuous fiber reinforced AA 7075 aluminum matrix composites (SiC f /7075Al) was investigated using a push-out method with a tungsten carbide ͑WC͒ cone indenter. During indentation, no rupture of fibers was observed. This showed that the push-out test can measure the interfacial shear strength of SiC f /7075Al precisely. The 160 MPa interfacial shear strength of the specimen without coating decreases to 120 MPa for the specimen with 0.5 m nickel coating, even to 20 MPa with 0.8 m nickel coating, and then slightly increases with increasing coating film thickness. Nickel film reacted with aluminum matrix to form porous nickel aluminide intermetallic compounds during processing and to lower the interfacial shear strength. Research on new materials with high strength, high stiffness, high fracture toughness, low densities, high thermal conductivity, and low coefficients of thermal expansion ͑CTEs͒ for application in aerospace and electronic packaging industries are of tremendous interest to materials scientists at present. Among these new materials, metal matrix composites reinforced by continuous fibers of high strength, high stiffness, and good thermal stability have been considered as potential candidates.
Pull out:
A part of the fiber is embedded into matrix. The exposed part is clamped, and then the fiber is pulled out. The applied loads for pulled-out fibers are measured, and the interfacial shear strengths can be obtained. This method is not suitable for metal matrix composites because of the difficulty of specimen preparation.
2. Push out: Composite specimens are sliced to several hundred micrometers thick perpendicular to fibers. Fibers are pushed out using an indenter, and stress-strain curves are measured to calculate the interfacial shear strength. This method is suitable for most ceramic fiber reinforced metal matrix composites.
3. Fragmentation: Composite specimens are tensile tested, followed by matrix etching and fiber extracting. The average length of fragmented fibers is measured to calculate the interfacial shear strength. This method is also suitable for most ceramic fiber reinforced metal matrix composites, but the elongation of the matrix must be greatly larger than that of fibers using this method.
In this research, fiber push-out was used to measure the interfacial shear strengths of continuous fiber reinforced metal matrix composites according to the following advantages 9 : ͑i͒ stressdisplacement curves can be obtained easily, ͑ii͒ more data can be obtained in a same specimen for a more precise result, and ͑iii͒ the sensitivity to interfacial conditions is high. The typical stressdisplacement curve of a fiber push-out test can be divided into three steps 1. Elastic deformation: the linear region in the curve at first. 2. Interfacial debonding: the region when the stress drastically drops. It occurs when the applied stress is larger than the interfacial shear strength. The maximum stress indicates the interfacial shear strength.
3. Interfacial friction sliding: after interfacial debonding, the fiber slides, and the stress gradually decreases. The stresses after the maximum value mean the interfacial friction forces, which decrease with increasing displacement of fibers due to the decreasing contact area.
Silicon carbide fibers were electrolessly nickel coated previously to investigate the effect of different interfacial treatments on the interfacial shear strengths of SiC f /7075Al composites.
Experimental
Materials.-Continuous SiC fibers ͑SCS-8͒ from Textron Corp. with a diam of 142 m were used as reinforcements. The SiC fibers have a high strength ͑4000 MPa͒, a high elastic modulus ͑380 GPa͒, a low density (3.2 ϫ 10 3 kg/m 3 ), high thermal conductivity ͑270 W/mK͒, and a low CTE (5 ϫ 10 Ϫ 6 1/K). 10 Hence, the mechanical properties of SiC fiber reinforced composites are expected to be very good.
Commercial AA 7075 aluminum alloy plates with a thickness of 1.5 mm were used as the matrix.
Electroless nickel plating.-Fiber surfaces were treated prior to electroless nickel plating by surface cleaning, sensitization, and activation in order to achieve good nickel coated films. For surface cleaning, the fibers were immersed in acetone and HNO 3(aq) under ultrasonic vibration and continuous stirring for 15 min. They were subsequently sensitized in an aqueous solution containing stannous chloride ͑SnCl 2 •H 2 O, 10 g/L͒ and hydrochloric acid ͑HCl, 40 mL/L͒ for 15 min, and then activated in an aqueous solution containing palladium chloride ͑PdCl 2 , 0.25 g/L͒ and HCl ͑2.5 mL/L͒ for another 15 min. The activated fibers were finally washed by deionized water and baked at 80°C.
Electroless nickel plating solution was prepared by adding the components in the following order Measurement of interfacial shear strength.-The T6 treated composite specimens were sliced to 1 mm thick perpendicular to fiber axis using a low speed diamond saw and then polished to 700 m thick. The polished specimens were then placed on a steel holder with a groove of 300 m in width and 5 mm in depth, as shown in Fig. 1 . The SiC fiber to be indented was aligned to the center of the groove, and then the specimen was mounted onto the holder. The indentation was conducted using an Instron testing machine with a WC cone indenter with a cone angle of 30°and a plateau of 100 m in diam on the tip.
The fibers were aligned to the cone tip and then indented at a rate of 10 m/min. From the stress-displacement curves, the interfacial shear strengths of SiC f /7075Al composites were obtained by the equation
where , p, r, and t are the interfacial shear strength, maximum load, fiber radius, and specimen thickness, respectively. In the measurement of the interfacial shear strengths of different fibers in the same composite, the data deviation was smaller than 5%, indicating good data reliability by fiber indentation. After push out, the fibers were pushed back to measure the interfacial shear strengths again for comparison.
The surface morphologies of nickel coated fibers, the microstructures of composites, and the surface morphologies of the indented specimens were examined by a scanning electron microscope ͑SEM͒. The SEM backscattering electron image ͑BEI͒ and energy dispersion spectrum ͑EDS͒ were used to investigate the interfacial microstructures of the composites. The surface morphologies of the indented fibers and the surrounding matrix, which were obtained by tearing up the composites along the interface between two aluminum plates, were also examined by SEM.
Results and Discussion
Electroless nickel plating.- Figure 2 shows the SEM micrographs of the surface morphologies of SCS-8 SiC fibers before and after electroless nickel plating for 5 min. A continuous nickel film with few freely precipitated nickel particles was uniformly coated on the surface of fiber. All the surface morphologies of fibers after electroless nickel plating for 10, 20, and 40 min are the same as that for 5 min. Figure 3 shows that the thickness of coated nickel films increase linearly with increasing plating time at a deposition rate of 0.07 m/min.
Microstructures of SiC f /7075Al composites.-Figures 4a and b
show the microstructures of SiC f /7075Al composites containing fibers without nickel coating and with an nickel coating of 3.0 m thick, respectively. It is well known that nickel reacts with aluminum to form intermetallic compounds at elevated temperatures. 12 Same interfacial reactions between electrolessly coated nickel films and aluminum matrix after diffusion bonding were also observed in this research. Figures 5a-d show the SEM micrographs of fiber/ matrix interfaces in SiC f /7075Al composites containing nickel coated fibers with different film thicknesses. Obvious reactions occurring at the interfaces were found. According to SEM EDS analyses and an Al-Ni phase diagram, 13 the nickel coated layer with a thickness of 0.5 m reacted completely with the aluminum matrix and formed stoichiometry NiAl 3 intermetallic compound as shown in Fig. 5a . With increasing nickel film thickness, the nickel aluminide compounds tended to contain more nickel. With a nickel film thickness of 0.8 m, mixed NiAl 3 and porous Ni 2 Al 3 compounds formed as shown in Fig. 5b . As shown in Fig. 5c , with a nickel film thickness of 1.7 m, the compounds NiAl 3 , Ni 2 Al 3 , NiAl, and Ni 3 Al existed, and also a part of the coated nickel film retained. With increasing nickel film thickness to 3.0 m, the fractions of NiAl and Ni 3 Al increased, and the retained nickel film in the inner layer was obviously found.
Effect of nickel coated film thickness on interfacial shear
strength.- Figure 6 shows the interfacial shear strengths of composites reinforced by fibers without nickel coating and with nickel coatings of different film thicknesses in push-out tests. Without nickel coating, the composites exhibited the highest interfacial shear strength of 160 MPa, indicating strong interfacial bonds obtained at 465°C and 45 MPa in a vacuum of 10 Ϫ2 Torr for 30 min. The interfacial shear strength of the composite reinforced by nickel coated fibers with a thickness of 0.5 m decreased to 120 MPa and even lowered to 20 MPa with increasing nickel film thickness to 0.8 m. As the thickness of the nickel coated films continued to increase, the interfacial shear strengths of composites slightly increased. Figure 7 shows the surface morphology of indented SiC f /7075Al composite containing fibers without electroless nickel coating. Fibers were pushed out without the deformation or fracture of both fibers and matrix, indicating that interfacial shear strength can be obtained precisely by fiber indentation. By tearing up the composite specimens, surface morphologies of the SiC fibers and the aluminum matrix before and after fiber push-out tests were obtained as shown in Fig. 8 . Before fibers were pushed out, smooth fiber surfaces similar to as-received one and the matrix with some pores resulting from hot pressing were observed, as shown in Fig. 8a and b . No chemical reaction between the carbon rich layer on SCS-8 fiber surface and the aluminum matrix occurred even under hot pressing at 465°C which is near the solidus temperature of the 7075 aluminum alloy.
After fibers were pushed out, as shown in Fig. 8c and d, the 7075 aluminum alloy was found to adhere on the surface of SiC fiber, and obvious deformation of the matrix occurred due to the friction sliding of the fiber, both indicating a good physical bonding of the fiber and the matrix. A strong mechanical bonding, which resulted from the high pressure and high temperature of hot pressing and the large radial compression stresses provided by the aluminum matrix during cooling process of the composites, led to the highest interfacial shear strength and the obvious deformation of the matrix. The radial compression stress ( 0 ) can be calculated using the equation
where E m is the Young's modulus of the matrix, and ␣ m , ␣ f are the coefficients of thermal expansion of the matrix and the fiber, respectively. Poisson's ratio of the matrix is m , and ⌬T is the temperature difference during cooling where the thermal stresses build up. In
Ϫ6 1/K, m ϭ 0.33, and ⌬T ϭ (415°C Ϫ RT). According to Eq. 2, 0 was obtained as 420 MPa. The high interfacial shear strength is proportional to the large compression stress by a factor of friction coefficient. Figure 9 shows the surface morphologies of the matrices of torn up SiC f /7075Al composites containing nickel coated fibers with different film thicknesses after indentation. Reactions between the nickel coated layers and the aluminum matrix were observed in all composites as also seen in Fig. 5 . The formation of brittle intermetallic compounds led to the easy fracture of interfaces and fiber sliding, resulting in the reduction in interfacial shear strength as previously shown in Fig. 6 . With the nickel film thickness of 0.5 m, NiAl 3 intermetallic compound formed. Flat surfaces of indented fibers and matrix without the present of matrix deformation and friction sliding were observed as shown in Fig. 9a . With increasing nickel film thickness, porous Ni 2 Al 3 compound formed and drastically lowered the interfacial shear strength as reported. 15 Especially the composite containing fibers with a nickel film thickness of 0.8 m exhibited the lowest interfacial shear strength of only 20 MPa due to the high content of porous Ni 2 Al 3 compound as observed on the surface of indented matrix shown in Fig. 9b . With increasing nickel film thickness to 1.7 m, less porous Ni 2 Al 3 compound existed at interfaces as shown in Fig. 9c , and thus the inter- facial shear strength slightly increased. With increasing nickel film to 3.0 m, much less Ni 2 Al 3 formed and nickel film was partly retained on the surfaces of the fibers as shown in Fig. 9d , and thus the interfacial shear strength was larger than those of the composites with nickel films of 0.8 and 1.7 m thick. Figure 10 shows the interfacial shear stress-displacement curves of SiC f /7075Al composites containing fibers with different nickel film thickness in push-out tests, and Fibers without nickel coating.-With increasing crosshead displacement, the interfacial shear stress linearly increased at an elastic stage as shown in Fig. 10 . No interfacial decohesion between fiber and matrix occurred until the stress accumulated to first peak S p1 ͑165 MPa͒. It was proved by Fig. 12 , the SEM micrograph of the surface morphology of indented SiC f /7075Al composite when the indentation was interrupted at the stress of 150 MPa; no interfacial failure was observed. Besides, an ␣-step meter was used to measure the surface profile of the indented fiber and matrix, and no difference in height between the fiber and the matrix was found when the indentation was stopped at 150 MPa. As the interfacial shear stress increased to the first peak S p1 , the interface between fiber and matrix suddenly debonded, and the stress rapidly dropped to a lower point S p2 ͑142 MPa͒. An obvious displacement of fiber of 5.3 m was measured by ␣-step meter within a small displacement of crosshead between S p1 and S p2 because of the compliance of the test system. 16 Subsequently, with increasing crosshead displacement, the fiber did not move until stress accumulated from S p2 to S p3 ͑162 MPa͒. After that, fiber slid again, and the stress dropped to next low point S p4 . This phenomenon cyclically repeated, and the stress fluctuation was as high as 20 MPa. It was realized from Fig. 8c and d that the matrix adjacent to the fibers deformed elastically before the stress accumulated to S p1 , followed by obvious fiber sliding and matrix shear after the stress reached S p1 . Then a part of the accumulated stress released, and the remained stress lowered to S p2 and could not drive the fiber to slide. As the crosshead continued to be pushed forward, the stress accumulated to another peak S p3 , and then subsequent fiber sliding and matrix shear occurred again. During the stress accumulation and fiber sliding periodicals, the fluctuation amplitude and the displacement almost remained constant. The sliding stress decreased at an average rate of 1.3 MPa/m, which is much larger than the stress decrease rate of 0.2 MPa/m caused by the decreasing fiber/matrix interface area due to the trapped matrix debris at the interface reducing the fiber/matrix contact area.
Stress-displacement curves.-
Fibers with nickel coating.-With increasing crosshead displacement, the interfacial shear stresses linearly increased to peaks and then dropped due to the interfacial decohesion as shown in Fig. 10 . At the elastic stage, no interfacial decohesion between fiber and matrix occurred until the stresses accumulated to peaks as same as the specimen without nickel coating. However, as the interfaces between the fiber and the matrix suddenly decohered, the stresses rapidly dropped to lower points, and the interfacial shear stresses slowly and smoothly decreased as the third stage. The phenomenon of stress accumulation to second peak never occurred due to the complete failure of interfaces. The decrease rate of the interfacial shear stress at the third stage was slightly reduced from 0.7 to 0.1 MPa/m with increasing nickel film thickness.
Comparison of push-out and push-back tests.-Interfacial shear
strengths.- Figure 13 shows the interfacial shear strengths of SiC f /7075Al composites containing fibers with different nickel film thickness in push-back tests. Comparison of the curve shown in Fig.  6 , shows that the relationship of strength to film thickness is the same except that the interfacial shear strengths in push-out tests are slightly higher than those in push-back tests. Figure 14 shows the difference in the interfacial shear strengths between push-out and push-back tests, o-b , which is mainly attributed to the interfacial chemical bonding. Thus, by comparing Exceptionally, the composite with a nickel film thickness of 0.8 m obviously exhibited an abnormal phenomenon of lower d because of the porous matrix adjacent to fibers. When the fiber was pushed back, the fragment of the fractured porous matrix existed at the interface and increased the difficulty for fiber sliding.
Stress-displacement curves.- Figure 15 shows the interfacial shear stress-displacement curves of SiC f /7075Al composites containing fibers with different nickel film thickness in push-back tests. In the composite containing fibers without coating, an obvious decrease in the amplitude of zigzag was founded with increasing indentation distance because of the abrasion between fiber and matrix. In the composites containing fibers with nickel coating, a stress-drop phenomenon, called ''seat drop,'' occurred 17 when the fibers were pushed back to its original location before indentation. In the composite without nickel coating, the stress drop was not observed because the original geometry the matrix around interfaces was destroyed when fibers slid during indentation.
Conclusions
The effect of electroless nickel coating on the interfacial shear strengths of silicon carbide continuous fiber reinforced AA 7075 aluminum matrix composites (SiC f /7075Al) was investigated using a push-out method with a WC cone indenter. During indentation, no rupture of fibers was observed. This showed that a push-out test can measure the interfacial shear strength of SiC f /7075Al precisely. The 160 MPa interfacial shear strength of the specimen without coating decreases to 120 MPa for the specimen with 0.5 m nickel coating, even to 20 MPa with 0.8 m nickel coating, and then slightly increases with increasing coating film thickness. Nickel film reacted with aluminum matrix to form porous nickel aluminide intermetallic compounds during processing and lower the interfacial shear strength. Stress-displacement curves of the push-out and push-back tests showed a zigzag-type curve after elastic deformation for the SiC f /7075Al composites without coating. However, no zigzag-type curve was found for the nickel coating specimen and a seat drop stress-drop phenomenon was observed for the push-back nickel coating specimen. 
